Child sexual abuse (CSA) survivors can present post-traumatic stress disorder (PTSD) and alterations in EEG activity and cognition. The aim of this study was to evaluate EEG correlations in female adolescents with CSA-related PTSD during performance of the Wisconsin Card-Sorting Test (WSCT). Inter-and intrahemispheric EEG correlations (INTERr and INTRAr) of those subjects were calculated at rest and during performance of WCST. On this task, the PTSD group obtained higher scores than the control group for the number of correct responses and failure to maintain set. In the between-groups comparisons, the PTSD group presented a higher INTERr between frontal areas in the gamma and slow bands, as well as a higher correlation in the delta band at Fp1-F3; however, this group presented a lower INTRAr between Fp1-P3 and Fp2-P4 in the theta and alpha1 bands. In the comparison between conditions, the PTSD group presented an increased correlation during execution of the WCST, mainly in the gamma band, while the control group showed a decrease of INTRAr in the slow bands. Results are discussed with respect to the influence of CSArelated PTSD on the development of cognition and functional connectivity in the brain.
Introduction
Child sexual abuse (CSA) has been related to psychiatric, neuroanatomical and cognitive consequences [1] . Child abuse survivors often present psychopathology, including post-traumatic stress disorder (PTSD) [2] [3] , as well as lower volumes in some brain areas, particularly the dorsolateral prefrontal cortex [4] [5] , the anterior cingulate cortex [5] [6] , the corpus callosum [4] , and the hippocampus [7] .
Neuroimaging studies have shown that CSA survivors can present functional brain alterations in anterior prefrontal cortex, anterior cingulated [8] and other cortical areas. CSA survivors can also manifest changes in brain functional synchronization or connectivity, which can be assessed by EEG coherence (coh) and correlation (r) analyses [9] [10] . Both analyses evaluate the degree of similarity between two EEG signals, though they use distinct mathematical calculations [11] . Sexually-abused women, in particular, show an increase in left intrahemispheric coherence [12] , and a decrease in frontal interhemispheric coherence while at rest [13] which could suggest abnormal functional brain connectivity [13] .
On the other hand, some studies have reported cognitive deficits in people with diagnoses of CSA and PTSD, finding poor performance in attention, and in abstract reasoning/executive function [14] , as well as increased cognitive interference on a color-word Stroop task [15] . Other research has focused on abused subjects regardless of PTSD condition. For example, female victims of repeated CSA showed increased response latency variability and diminished inhibitory capacity during a go/no-go/stop vigilance task designed to assess motor inhibition [16] .
The aforementioned research supports the presence of vulnerability to executive function problems in adolescents exposed to CSA, particularly in the development of cognitive flexibility (i.e., the ability to change behavior according to contingencies in the environment). Cognitive flexibility is related to the activation of brain structures such as the dorsolateral prefrontal cortex and cingulate cortex [17] , areas that are reported to be affected in CSA. Although there were no previous studies of cognitive flexibility in CSA adolescents, in their work on adolescents without psychiatric disorders, Spann et al. [18] found a significant association between physical abuse and physical neglect scores, and perseverative errors on the Wisconsin Card-Sorting Test (WCST). This test assesses several cognitive functions related to the prefrontal cortex, such as flexibility and categorization [19] - [21] .
Considering that CSA has been associated with anatomical and functional alterations in the brain, and cognitive impairments, the aim of the present study was to evaluate EEG correlations in female adolescents with CSA-related PTSD during performance of the WSCT and while at rest. In addition, behavioral performance on the WCST by PTSD subjects will be characterized. We hypothesized that adolescents with CSA-related PTSD would present deficient performance on the WCST compared with the control group, and that this performance would be accompanied by a decrease in frontal interhemispheric EEG correlations.
Method

Participants
Seven 12 -16-year old female adolescents with sexual abuse-related PTSD (PTSD), and seven 12 -16-year old healthy female adolescents (controls), were evaluated ( Table 1) . Four of the PTSD participants came from foster homes and 3 were external patients at the Civil Hospital of Guadalajara. PTSD participants presented histories of CSA (rapes) confirmed by reviewing files held at the institutions concerned (hospital or foster home). The control group was recruited from a public high school. All participants had normal IQs according to the brief form of WISC-IV-R, (Wechsler, 1974) [22] (Table 1) , and were regular students with no reports of behavioral problems. They had not failed any school grade, according to reports by teachers and parents. All participants were healthy, right-handed, and had no prior history of neurological disorders, learning disabilities, drug abuse or chronic illness. Subjects in the control group were matched with those in the PTSD group with respect to age, gender, handedness, socioeconomic status, and IQ scores.
To select participants, we conducted a clinical interview with each girl and her parents or advisors, and applied the following clinical scales: the Children's Depression Inventory (CDI) [23] , on which two of the participants in PTSD obtained clinically significant scores; the Trait Anxiety Inventory for Children (STAIC) [24] , on which five of the participants in PTSD and one in the control group obtained significant scores; and the Children's Post-Traumatic Stress Scale (CPSS) [25] , using the criteria listed in the DSM-IV [26] , in which all subjects in the PTSD group obtained significantly high scores, while the participants in the control group obtained null scores and showed no history of involvement with traumatic experiences ( Table 1 ). The only significant between-group difference occurred on the CDI, where the PTSD group obtained higher scores than controls.
The evaluations of the participants were conducted from January 2012 to April 2013. All procedures involved in this experiment were approved by the Ethics Committee of the Institute of Neuroscience in accordance with the ethical standards laid down in the 1964 Helsinki Declaration. All participants and their parents or guardians gave their informed consent prior to their inclusion in the present study.
WCST Application
A computerized version of the WCST [21] was used in this study. In this program, 4 key cards and 128 response cards appear on a computer touch screen. As the response cards appear one-by-one, the participant has to choose one of the four key cards shown to match the response letter. Following each response, the experimenter uses the computer's auditory and visual feedback to indicate whether the answer was correct or incorrect. The application time is approximately 15 -20 minutes. In this study, we evaluated the following WCST scores: number of categories completed (the number of sequences with 10 consecutive correct matches), number of correct responses, number of perseverative errors (the number of items in which the participant persists in responding incorrectly to a characteristic stimulus), number of incorrect responses (non-perseverative errors), failure to maintain a set (when a subject makes 5 or more consecutive correct matches but then makes an error before successfully completing the category), and learning to learn (the participant's average change in conceptual efficiency across the successive categories, based on percent error difference scores for each consecutive pair of adjacent categories).
EEG Recording
Before EEG recordings, participants are asked to avoid staying up late the night before the registration, as well as, to make a light meal, avoid coffee, tea, cola or drugs that could affect the nervous system.
EEGs recordings were taken with the participants awake in a shielded, dimly-lit room, in a sitting position with their heads supported by the back of a comfortable chair, in two conditions: eyes open at rest (5 min) (resting condition), and during performance of the WCST (maximum time, 15 min). Total session time was approximately 1 hour. The recording sites were Fp1, Fp2, F3, F4, P3 and P4, according to the 10 -20 International System. All derivations were referred to linked ears, the ground electrode was placed on the forehead, and linked ears were chosen as reference. EEGs were amplified using a Grass model P7 polygraph with EEG filters set at 1 -50 Hz. Impedance for the EEG electrodes was kept below 10 kV. Specially-designed software [27] was used to sample (1024 points at a sample rate of 512 Hz) and store the EEG data for off-line processing. In addition, electrooculograms were recorded to detect eye-movement artifacts using a bipolar montage with electrodes placed at the outer canthi of both eyes. Epoch rejection was based on both visual and computer selection. In order to identify saturated epochs or epochs with noise due to muscle activity, eye-movement or heart activity, the EEG signals were examined off-line. The recordings were then reduced to a minimum of 40 epochs (2 seconds each) that were representative of the entire time of EEG recording. EEGs were analyzed by a computer program [28] that initially calculates the Fast Fourier Transform (FFT) to seven frequency bands: delta (1.5 -3.5 Hz), theta (3.5 -7.5 Hz), alpha1 (7.5 -10.5 Hz), alpha2 (10.5 -13.5 Hz), beta1 (13.5 -19.5 Hz), beta2 , and gamma . Later, the correlation spectrum was calculated from the autospectra and from the cross-spectrum of the signals proportioning values between −1 and +1. Correlation spectra at 0 delay for each subject and condition were obtained for each frequency band using amplitude values by means of Pearson product-moment coefficients such that interhemispheric correlations (INTERr) between homologous left and right derivations (Fp1-Fp2, F3-F4, P3-P4), and intrahemispheric correlations (INTRAr) between derivations of the same hemisphere (Fp1-F3, Fp2-F4, Fp1-P3, Fp2-P4, F3-P3, F4-P4), were obtained. Correlation values were transformed to Fisher's z scores to approximate them to a normal distribution before all statistical procedures.
Statistical Analysis
To test the differences between groups on WCST performance, Student's t analyses for independent groups were performed for each execution parameter (raw scores). For the EEG analyses, split-plot ANOVAs (2 groups × 2 conditions) were conducted for EEG correlations of each frequency band and for each pair of derivations. Post-hoc comparisons (Tukey's test) were utilized to determine where differences occurred (p < 0.05).
Results
WCST Performance
Significant between-group differences were obtained only on two WCST scores: number of correct responses (p ≤ 0.05), where the PTSD group had higher scores than the control group (Figure 1) , and failure to maintain set (p ≤ 0.05), where the PTSD group achieved higher scores than controls (Figure 1 ). There were no significant between-group differences on the remaining WCST measures.
EEG Correlation Data
1) Between-group comparisons
The frontopolar INTERr (Fp1-Fp2) of the PTSD group presented a higher correlation than the control group during execution of WCST only in the gamma band (F 1,12 = 5.13, p < 0.0409) (Figure 2(a) ). Also, in the prefrontal INTERr (F3-F4), the PTSD group presented a higher correlation than controls in the delta band in both the resting and WCST conditions (F 1,12 = 8.71, p < 0.01174), and in theta band, but only in the resting condition (F 1,12 = 4.52, p < 0.05) (Figure 2(b) ).
The left frontopolar-prefrontal INTRAr (Fp1-F3) of the PTSD group presented a higher correlation than in the control group in the delta band (F 1,12 = 7.17, p < 0.01924) in both the resting and WCST conditions (Figure  2(c) ).
In contrast, the left frontopolar-parietal INTRAr (Fp1-P3) of PTSD presented a lower correlation with respect to controls in the theta band (F 1,12 = 13.39, p < 0.00351) in both the basal and WCST conditions, as well as in alpha1 (F 1,12 = 4.28, p < 0.05000), but only during the WCST (Figure 2(d) ). Additionally, the right frontopolarparietal INTRAr (Fp2-P4) of the PTSD group presented a lower correlation than controls in theta (F 1,12 = 6.75, p < 0.02226) in both conditions evaluated (Figure 2(e) ). 2) Between-conditions comparisons The frontopolar INTERr (Fp1-Fp2) of the PTSD group presented a significant increase during performance of the WCST compared to the resting condition in the delta (F 1,12 = 17.68, p < 0.00151), theta (F 1,12 = 49.14, p < 0.00007), alpha2 (F 1,12 = 25.41, p < 0.00049), beta1 (F 1,12 = 30.70, p < 0.00027), beta2 (F 1,12 = 6.29, p < 0.02622), and gamma (F 1,12 = 11.39, p < 0.00561) bands. The control group showed a significant increase during execution of the WCST in the delta (F 1,12 = 17.68, p < 0.00151), theta (F 1,12 = 49.14, p < 0.00007), and beta1 (F 1,12 = 30.70, p < 0.00027) bands (Figure 3(a) ). The prefrontal INTERr (F3-F4) of PTSD presented a significant increase during performance of the WCST compared only in the gamma band (F 1,12 = 10.41, p < 0.00724), while the control group showed this significant difference only in theta (F 1,12 = 17.44, p < 0.00157) (Figure  3(b) ).
Regarding the left frontopolar-prefrontal INTRAr (Fp1-F3) , only the control group presented a significant decrease in the WCST condition compared to rest in the alpha1 band (F 1,12 = 7.27, p < 0.01860) (Figure 3(c) ). Similarly, only the right frontopolar-prefrontal INTRAr (Fp2-F4) of the control group showed a significant decrease in the WCST condition in the theta (F 1,12 = 9.32, p < 0.00982) and alpha1 (F 1,12 = 18.25, p < 0.00137) bands (Figure 3(d) ). With respect to the right frontopolar-parietal INTRAr (Fp2-P4), both groups presented a significant increase in the WCST condition in the delta band (F 1,12 = 31.58, p < 0.00025). In addition, PTSD showed a significant increase in the WCST condition in the theta band, while the control group presented a significant decrease in the WCST condition in the same band (F 1,12 = 16.55, p < 0.00185) (Figure 3(e) ). The right prefrontal-parietal INTRAr (F4-P4) of the PTSD group presented a significant increase in the WCST condition in the delta (F 1,12 = 23.29, p < 0.00064), theta (F 1,12 = 30.57, p < 0.00027), beta2 (F 1,12 = 8.32, p < 0.01326), and gamma (F 1,12 = 30.75, p < 0.00027) bands, while controls had a significant increase in the WCST condition in the theta (F 1,12 = 30.57, p < 0.00027) and beta2 (F 1,12 = 8.32, p < 0.01326) bands (Figure 3(f) ).
Discussion
This study examined EEG correlations in a group of female adolescents with CSA-related PTSD during performance of the WCST and while at rest, while also evaluating their performance on this task. In general, our results show clear differences between PTSD participants and healthy girls with no antecedents of violence with respect to both INTERr and INTRAr EEG correlations, as well as WCST performance.
1) WCST performance Contrary to our expectations, performance by the PTSD group was not clearly lower than that of controls, as the former obtained higher scores for number of correct responses and failure to maintain set. No significant differences were observed between the two groups on the other WCST measures. Most authors have proposed that the WCST assesses the ability to shift sets [19] [29] [30] , problem-solving/hypothesis-testing, and response maintenance [29] .
Specifically, the number of correct responses reflects the subject's ability to discover the correct classification principle based on trial and error and the examiner's feedback, and to choose the correct rule and maintain this sorting principle (or set) across changing stimulus conditions while ignoring other-now irrelevant-stimulus dimensions [31] . According to the results of this study, the PTSD group had a better ability to find the correct classification principle than controls; hence, it is probable that this group presented greater cognitive flexibility. However, the PTSD group also achieved higher scores for failure to maintain set than controls which suggests that the PTSD group shows a failure to commit to a current category, probably due to deficits in the sustained attention required to filter out the distracting stimulus features present in the cards, or to problems in temporally integrating separate events due to a rapid degeneration of the online information presented in the previous trial [32] [33] . Some studies report the occurrence of failure to maintain set in the absence of significant perseveration in patients with single focal medial/orbital frontal lesions [33] , and in college students classified as impulsive-aggressive [34] ; a behavioral characteristic that maybe related to disturbances in the orbitofrontal cortex [35] .
In terms of the relation between our results and those of the aforementioned studies, it is likely that the failure to maintain set in the absence of significant perseveration in the PTSD group is the result of functional-anatomic alterations in the orbitofrontal cortex. This suggestion is supported by studies which have reported that child maltreatment can alter the development of the frontal lobes [4] [5] [36] . 2) EEG data comparisons between groups i) INTERr EEG correlation Contrary to our hypothesis, the PTSD group presented a higher frontal INTERr correlation in Fp1-Fp2 in the gamma band during performance of the WCST, and in F3-F4 in both the basal and WCST conditions in the slow bands. As this correlation increase was found during both conditions, it could reflect a static characteristic of inter-frontal connectivity in this group of female adolescents.
The hypothesis of lower inter-frontal correlation in PTSD individuals was based on two previous findings: the report of reduced frontal (anterior) interhemispheric coherence in adolescents with childhood maltreatment [13] , and reports of volume decreases in the corpus callosum in survivors of CA with PTSD [6] [37] and hospitalized children with a history of abuse or neglect [38] [39] . The reduced size of the corpus callosum is associated with a diminished communication between the hemispheres [4] [40] .
It is probable that the apparent contradictions between our results and those reported by Miskovic et al. [13] arise from the fact that those authors only analyzed the alpha band, and recorded EEGs only during the resting condition (eyes-open and eyes-closed); whereas our study examined 7 bands under two conditions-while at rest and during performance of the WCST-and found higher inter-frontal correlations in the PTSD group in the delta, theta and gamma bands.
On the other hand, previous studies of changes in the corpus callosum in victims of CA have reported that the reduction in this brain structure occurs in the middle and posterior regions [38] , and not in the rostral portion (genu and rostrum) that connect the right and left frontal lobes. While this could explain why we did not find a lower inter-frontal correlation in the PTSD group, it does not explain the higher interhemispheric correlation. We suppose that this might compensate the decrease in the functional connectivity of the posterior regions of the corpus callosum or the lower long-distance intra-hemispheric correlation (discussed below).
A similar increase in inter-frontal coherence in the delta and theta bands has been reported in children with attention deficit disorder (ADD) [10] , where it is interpreted as reduced cortical differentiation and specialization in the frontal regions of children with this disorder. Thus, it is probable that the female adolescents with PTSD in our study also show a deficient frontal specialization.
ii) INTRAr EEG correlation The PTSD group presented a higher correlation at short distances in the left INTRAr frontopolar-prefrontal correlation (Fp1-F3), but a lower correlation at long distances in the left and right INTRAr frontopolar-parietal correlation (Fp1-P3 and Fp2-P4), compared to controls. These results could indicate that brain connectivity in the PTSD group presents a different development from controls, which probably reflects distinct pathways in both the white and gray matter. According to the two-compartment model of EEG coherence proposed by Thatcher, Krause and Hrybyk [41] and Braitenberg [42] , our results suggest that the PTSD group presents an increase of short-range connections (local interactions on the order of millimeters to a few centimeters) that occur primarily, but not exclusively, within the grey matter. In contrast, this group of participants could present smaller long-range cortico-cortical connections on the order of several centimeters and composed mostly of white matter fibers. According to Braitenberg [42] , these two systems (grey versus white matter) exhibit two different network properties.
The presence of lower long cortico-cortical connectivity in the PTSD group is consistent with tractography and imaging studies. For example, young adults with a history of severe parental verbal abuse show a decrease of white matter density in three tracts: the arcuate fasciculus in the left superior temporal gyre, the cingulum bundle by the posterior tail of the left hippocampus, and the left body of the fornix [43] . Moreover, post-institutionalized children who experienced socio-emotional deprivation show a decreased white matter density in the uncinate fasciculus [44] . Finally, in a recent study, Wang et al. [45] used resting-state functional magnetic resonance imaging to show that major depressive disorder patients with a history of childhood maltreatment displayed a broad reduction of functional connectivity strength primarily in brain regions in the prefrontal-limbicthalamic-cerebellar circuitry.
iii) EEG data comparison between conditions Upon comparing the resting and task conditions, we found that the PTSD group presented an increase in both frontal INTERr and right INTRAr correlations during performance of the WCST in both slow and fast bands; and that only this group presented a correlation increase in the gamma band. In contrast, the control group presented an increased INTERr correlation principally in the slow bands, with a general decrease in the left and right inter-frontal and fronto-parietal INTRAr correlations in the slow bands (theta, alpha1).
The results of this study support the hypothesis that the prefrontal cortex is specifically involved in the execution of the WCST, since both the PTSD and control groups presented increased inter-frontal correlation during this condition. A previous EEG-based study reported that inter-frontal coherence is associated with good performance on the WCST [46] . Furthermore, both groups showed an increased right frontal-parietal correlation (F4-P4), which indicates a functional coupling between prefrontal and parietal regions. The posterior parietal areas have reciprocal connections with the frontal regions [47] such that they constitute a circuit that performs the operations necessary to translate an intention into a motion by integrating sensory input into central movement representations based on previous experience.
The changes observed in the INTERr during WCST could be related to many cognitive processes involved in performing this task. For example, the delta band has been related to attention to internal processing during performance of mental tasks [48] , and the theta band to working memory, focused attention [49] , executive functions [50] , and task difficulty [51] . Finally, the beta band has been associated with attention during cognitive processes [52] .
Despite the similarities elucidated above, our data suggest that the PTSD and control groups required different temporal coupling during WCST execution. Thus, while the inter-frontal correlation increase in the control group occurred only in the slow bands, in the PTSD group it also occurred in the fast bands. In addition, the PTSD group presented an increase in right frontal-parietal areas in delta, theta, beta2 and gamma, while controls only exhibited this increase in beta2. Also, the control group presented a decrease in the correlation between right frontal areas (Fp2-F4) and between right fronto-polar and parietal (Fp2-P4) regions in the theta and alpha1 bands. In contrast, the PTSD group showed an increase in the right hemisphere in the correlation between right fronto-polar and parietal regions in the slow bands, and between the frontal and parietal regions in both slow and fast bands. This was the only group that presented an increased correlation in gamma.
The gamma and beta bands are generated in the neocortex in response to stimuli of different sensory modalities [53] . The gamma band has also been associated with perceptual binding [54] , attention [55] , arousal [56] , object recognition [57] , feature-binding, and associational memory [58] [59] . Finally, gamma oscillations appear during conditions of heightened alertness [60] .
Regarding the development of the gamma band, it has been reported that analyses of resting-state and taskrelated neural synchrony indicate that gamma oscillations emerge during early childhood, and that precise temporal coordination through neural synchrony continues to mature until early adulthood [61] . Furthermore, it has been argued that the early gamma band plays a functional role in the maturation of cognitive functions [62] .
Considering the above evidence, three possible interpretations of the increase in the gamma band correlation observed in PTSD during WCST execution could be made. The first is that PTSD could have an increased demand for attention and cognitive flexibility during WCST performance, even though it presented deficiencies in maintaining attention (i.e., failure to maintain the set). The second possibility is that this increase could be an intrinsic characteristic of PTSD individuals, since one of the symptoms of PTSD is higher arousal and the appearance of gamma oscillations during conditions of increased alertness. The third likely explanation is that PTSD present early brain maturation as reflected in the higher number of correct responses during WCST performance and the increase in the gamma band during task execution. This idea is supported by studies showing that the gamma band matures into early adulthood and that the early gamma band plays an important role in the functional maturation of cognitive functions [61] [62] .
Finally, the present study has some limitations. The first is that, given our strict inclusion criteria, only a small sample of female adolescents with CSA-related PTSD was recruited, so it is difficult to generalize the findings. However, regardless of this limitation, the differences between the two groups were significant. Second, we used EEG correlations, which only allow making inferences related to functional connectivity. Third, in addition to PTSD, two of the PTSD participants had high scores on the depression scale, and five on the anxiety scale. Future studies would be more enlightening if two other groups were evaluated: one with PTSD secondary to a different event of sexual abuse, and one with a history of CSA without PTSD.
Conclusion
The data from this study suggest that the PTSD group presents a higher level of cognitive flexibility, but deficiencies in maintaining attention, perhaps due to the continuous hyper-vigilance that characterizes this population. In general, PTSD showed higher frontal interhemispheric and left frontal intrahemispheric correlations, as well as a lower fronto-parietal correlation. These results could indicate that this group presents a different de-velopment of functional connectivity in the brain. During WCST performance, PTSD showed a significant increase in correlation, principally in the gamma band, perhaps indicating an increase in alertness and an early maturation of synchrony of the gamma band and general cerebral synchrony. These results show that EEG correlations are a useful tool for studying the impact of early stress on functional brain connectivity.
